Methods

Patient Population
Review of a prospectively maintained database was performed to identify all patients treated with minimally invasive surgical (MIS) LLIF with or without placement of posterior percutaneous pedicle screws/rods for degenerative spinal pathology (including degenerative disc disease, degenerative spondylolisthesis, and adult degenerative deformity with coronal and/or sagittal imbalance) between October 2011 and July 2015 at the University of South Florida's Department of Neurosurgery. Patients who underwent a hybrid procedure (posterior osteotomy, instrumentation, and fusion procedure other than placement of percutaneous pedicle screws) were excluded. Preoperative plain radiographs and CT, MR, and intraoperative fluoroscopic images were reviewed for the presence of IVP. Patient demographics, including age, sex, and details of surgical procedures, were retrieved from the medical record.
Surgical Technique
The details of MIS LLIF were given previously. 28 In brief, patients were placed in a true lateral position. A lateral incision was made, and dissection was performed down to the abdominal wall musculature. Dilation of the abdominal musculature was then performed to create a corridor to the retroperitoneal space. The psoas muscle was then dilated under the guidance of fluoroscopy and triggered electromyography. Once a satisfactory trajectory to the disc space was created, an expandable tubular retractor was inserted. A discectomy was performed, and the cartilaginous endplates were removed. Trials were placed into the disc space for a snug fit. Ten-degree lordotic, 18-to 22-mm-wide, 8-to 12-mm-high, 50-to 60-mm-long polyetheretherketone (PEEK) cages filled with 5 ml of cadaveric cancellous bone mixed with mesenchymal stem cells (Osteocel, NuVasive) were placed according to the trials in an attempt to restore lumbar lordosis. In patients with significant sagittal imbalance, anterior longitudinal ligament (ALL) release was performed, followed by placement of a hyperlordotic cage (20° or 30°) to correct pelvic incidence-lumbar lordosis mismatch. 8 Placement of supplementary percutaneous pedicle screws and rod fixation were performed in patients with evidence of overt spinal instability or spondylolisthesis and in those who were undergoing long-segment LLIF. 
Postoperative Follow-Up
Patients returned to the clinic 1, 3, 6, and 12 months and then yearly after surgery for upright radiographs. The most recent postoperative radiographs were used for comparison with preoperative radiographs. Preoperative and postoperative posterior disc height (PDH), anterior disc height (ADH), and SL at the operative levels were measured digitally on standing radiographs using Centricity 3.0 workstations (GE Healthcare). The measurements were performed by 2 independent observers (C.P.Y. and K.B.), and averages were used for analysis. We arbitrarily determined that measurement disagreements greater than 15% between the 2 observers would be reviewed further by the senior author (J.S.U.). PDH and ADH were the distances between the superior and inferior endplates of the disc space at the posterior and anterior borders of the vertebrae, respectively. SL was defined as the angle between the cranial and caudal endplates of the upper and lower vertebrae of the segment subjected to surgery (Fig. 1) . Deformity correction, cage subsidence, and construct integrity were assessed also. The degree of cage subsidence was classified based on loss of immediate postoperative disc height (Grade 0, 0%-24% loss; Grade I, 25%-49% loss; Grade II, 50%-74% loss; and Grade III, 75%-100% loss), as described by Marchi et al. 16 Fusion was defined as the existence of bridging bone between the treated intervertebral endplates and lack of intervertebral movement on flexion/extension lateral radiographs.
Statistics
Statistical analyses were performed using the statistical software package SPSS 25.0 (SPSS IBM). Comparisons of nominal measurements were made using the chi-square test. Continuous data were compared using the t-test. We used univariate linear regression to evaluate factors that predict changes in PDH, ADH, and SL, and then we used a multivariate analysis in which only those factors that were significant in the univariate analysis were entered. Factors evaluated include patient age and sex, procedure performed (LLIF only, ALL release, placement of percutaneous pedicle screws), level of surgery, presence of spondylolisthesis, cage subsidence, and IVP. The same factors were evaluated for their relationship with subsidence by using logistic regression. A p value of less than 0.05 was used as the limit for statistic significance.
Results
Patient Population
A total of 140 patients underwent MIS LLIF with or without placement of posterior percutaneous pedicle screws/rods. There were 61 (43.6%) males and 79 (56.4%) females; the mean age was 62 years (range 30-88 years). Seventy-six patients underwent 1-level, 29 underwent 2-level, 27 underwent 3-level, and 8 underwent 4-level LLIF(s). Ninety-two (65.7%) patients with at least 1 disc level with IVP underwent surgery (1 level in 53, 2 levels in 21, 3 levels in 13, and 4 levels in 5 patients); 48 (34.3%) patients had no IVP at any surgical level. Fifteen patients underwent at least 1-level ALL release (11 underwent 1-level and 4 underwent 2-level ALL release). Fifty-two (37.1%) patients underwent stand-alone LLIF, and 88 (62.9%) underwent placement of supplementary posterior percutaneous pedicle screws/rods. Seven-five patients had at least 1 level with spondylolisthesis. The follow-up duration ranged from 6 to 42 months (mean 12 months).
Disc Levels
A total of 247 lumbar disc levels were surgically treated, including 15 at L1-2, 47 at L2-3, 83 at L3-4, and 102 at L4-5. ALL release was performed at 19 levels (3 at L2-3, 10 at L3-4, and 6 at L4-5). Percutaneous screw fixation was performed at 168 levels. IVP was observed at a total of 155 surgical levels and not observed at 92 levels. Spondylolisthesis was observed at 100 levels.
Radiographic Outcomes
Among all disc levels treated, the mean PDH increased from 3.69 to 6.66 mm (p = 0.011), the mean ADH increased from 5.45 to 11.53 mm (p < 0.001), and the mean SL increased from 9.59° to 14.55° (p < 0.001). ALL release was performed at 19 disc levels; among these levels, the mean PDH increased from 3.52 to 7.04 mm (p = 0.016), the mean ADH from 4.57 to 15.90 mm (p < 0.001), and the mean SL from 2.80° to 15.48° (p = 0.001). For the 228 levels with LLIF only, the mean PDH increased from 3.70 to 6.62 mm, the mean ADH from 5.53 to 11.17 mm, and the mean SL from 10.15° to 14.47° (p < 0.001 for all) ( Table 1) .
Among all the levels treated, significantly increased PDH was associated with the presence of IVP, addition of pedicle screws, and lack of cage subsidence in univariate and multivariate regression analyses. Significantly increased ADH was associated with the presence of IVP, ALL release, addition of pedicle screws, and lack of subsidence in univariate and multivariate regression analyses. Significantly increased SL was associated with the presence of IVP, ALL release, and lack of subsidence in univariate analysis but with only the presence of IVP and ALL release in multivariate analysis (Table 2) . Among the levels treated with LLIF without ALL release, the presence of IVP significantly increased postoperative PDH, ADH, and SL; the addition of pedicle screws and lack of subsidence significantly increased postoperative PDHs and ADHs but not SL (Table 3 ). In the ALL-release group, there were no associations between any of the studied patient factors and changes in PDH, ADH, or SL (Table 4 ). In the LLIF-only group, the mean increase in SL was 2° at the levels at which IVP was absent compared with 5.9° for the levels at which IVP was present (p < 0.001). In the ALL-release group, the mean increase of SL at levels at which IVP was absent was 10.3° compared with 15.0° for the levels at which IVP was present (p = 0.301) ( Table 5) .
Subsidence at the end of follow-up was observed in 52 (21.1%) levels; there was Grade I subsidence at 45 levels and Grade II subsidence at 7 levels. None of the studied patient factors (including age, sex, ALL release, presence of IVP, and length of follow-up) except the addition of pedicle screws (p = 0.009) affected the incidence of subsidence. Twenty-two (27.8%) of 79 levels without pedicle screws developed subsidence; 30 (17.9%) of 168 levels with pedicle screws developed subsidence. Fusion was observed in 92% of the levels treated.
Discussion
Pathogenesis of IVP
The pathogenesis of IVP is debatable and most likely multifactorial. The prevailing hypothesis for gas formation in a degenerative disc is based on the endplate-degeneration theory. As vertebral endplates degenerate, the hyaline cartilage becomes calcified, and inflammatory cytokines are produced. This combination blocks the nutritional pathways, which results in metabolic imbalance and Values are means ± SD. All parameters improved significantly after surgery (p < 0.001, t-test). The total number of levels was 247. The presence of IVP, addition of pedicle screws, and lack of subsidence were associated with increased PDH in multivariate linear regression analysis. The presence of IVP, addition of pedicle screws, ALL release, and lack of subsidence were associated with increased ADH. The presence of IVP and ALL release were associated with significantly increased SL.
* p < 0.05. † L1-2, L2-3, and L3-4 versus L4-5. 
-
The total number of levels at which LLIF was performed was 228. The presence of IVP, addition of pedicle screws, and lack of subsidence were associated with increased PDH in multivariate linear regression analysis.
The presence of IVP, addition of pedicle screws, and lack of subsidence were associated with increased ADH. The presence of IVP was the only factor associated with significantly increased SL. * p < 0.05. † L1-2, L2-3, and L3-4 versus L4-5.
decreased synthesis of structural matrix proteins. As a result, the structural integrity of the disc becomes unstable, and the continuous compression-and-distraction motion creates a cleft that is filled gradually with gas. 13 Intradiscal gas typically is composed of 90%-92% nitrogen, and the remaining fraction consists of oxygen, carbon dioxide, and other traces of gases.
9, 29 The literature shows that IVP is associated with spinal instability. 18, 19, 27 Adjacent bone marrow changes have been observed on MRI when IVP is present, but the clinical significance of that finding is not clear.
27
Implications of IVP in Surgery
LLIF has been used to treat degenerative disc disease with instability and adult spinal deformity. Studies have found that sagittal spinopelvic malalignment from advanced degeneration is a major cause of pain and loss of function. 23 Surgeries that fail to restore normal sagittal vertical axis and spinopelvic harmony will lead to an unsatisfactory outcome, pseudarthrosis, and proximal junctional kyphosis. 10 Therefore, sagittal balance should be considered carefully when deciding to perform a lumbar fusion procedure, even in patients with normal spinopelvic parameters or who are undergoing short-segment fusion, because failure to fuse the spine in a lordotic fashion can cause failed-back surgery syndrome. 11 In addition, a lordotic alignment of the lumbar fusion influences the biomechanical stresses on the adjacent segments and thus affects the rate of adjacent-level degeneration. 20, 24 The presence of IVP usually indicates a more advanced stage of degeneration and is considered a sign of instability. 18, 19, 27 Nevertheless, the increase in spinal mobility when IVP is present might provide greater freedom for spine reconstruction. Based on our study, there were significant increases in disc height and SL after LLIF when IVP was found in preoperative images (Table 3 ). There was a trend toward increased disc height and SL in patients who underwent ALL release and placement of a hyperlordotic cage, but the increase was not statistically significant, likely because of the small number of patients.
Lateral Lumbar Interbody Fusion
Since its introduction in 2006, LLIF has been popularized and used for the treatment of degenerative disc disease. 21 The advantages of LLIF are indirect decompression and enhancement of fusion with the placement of a widefootprint cage, achieved through an MIS approach (Fig.  1) . The indications of this technique were expanded later to include spinal deformity in patients with either coronal or sagittal imbalance. Placement of a large lordotic cage provides benefits for anterior column support and spine realignment. Our study found that a single-level LLIF provided, on average, a 2.9-mm increase in PDH, 5.7-mm increase in ADH, and 4.4° increase in SL.
In patients with severe sagittal imbalance, posterior shortening or anterior lengthening procedures might be needed to restore alignment. MIS lateral-approach ALL release has become an appealing option for restoring coronal and sagittal balance in spinal deformity through releasing the anterior column and placing a large hyperlordotic interbody cage. Our early reports showed increases in SL between 10° and 17° after ALL release and placement of the 30° cage. 7, 8, 15 The study presented here found that a single-level ALL release provided a mean 3.5-mm increase in PDH, 11.3-mm increase in ADH, and 13.5° increase in SL. It should be noted that a hyperlordotic cage and more anterior placement of the cage did not increase PDHs significantly. One must exercise caution with placement of a lordotic cage anteriorly, because subsequent compression of the posterior elements can cause a fulcrum effect at the The total number of levels at which ALL release was performed was 19. None of the factors analyzed predicted changes in PDH, ADH, or SL. * L1-2, L2-3, and L3-4 versus L4-5. Addition of Posterior Instrumentation LLIF can be performed as a stand-alone procedure or supplemented with instrumentations such as lateral plating or posterior open or percutaneous pedicle screws/ rods. Because the ALL, posterior longitudinal ligament, and posterior column are not violated, spinal stability is largely maintained with a simple LLIF procedure. However, supplementary instrumentation might be required in patients with osteoporosis, listhesis greater than 3 mm as a result of pars defects or degeneration, or coronal or sagittal instability and in those in whom 3 or more levels are being treated. 1, 17 In the current study, we chose the addition of percutaneous pedicle screws/rods for patients with osteoporosis, instability, or significant deformity. With the addition of contoured rods, posterior instrumentation can maintain an increase in disc height. Biomechanical data have revealed that stability of the spinal segment with pedicle screw fixation is improved over that with the standalone procedure. 4 
Subsidence
Cage settling into adjacent vertebral bodies after interbody fusion is not an uncommon occurrence. Depending on the imaging modalities and criteria used to define subsidence, the rate of subsidence after MIS LLIF has been reported to be in the range of 8%-14.3%. 12, 14, 16 Subsidence can lead to a loss of indirect decompression and alignment. Many factors contribute to intervertebral cage subsidence, including bone quality, cage morphology, use of biologics, application of supplemental fixation, and iatrogenic endplate violation. Despite the frequency of radiographic subsidence, clinically significant subsidence has been reported for only 2%-3% of patients. 12, 14 The results of our study show that the presence of IVP did not increase the risk of subsidence. The addition of percutaneous pedicle screws and rods reduced the incidence of cage subsidence regardless of the presence or absence of IVP.
Limitations
We acknowledge that our study was limited by its retrospective nature and relatively short follow-up duration. In addition, CT scans, which have a higher sensitivity for detecting IVP, were not obtained for every patient. Selection of cages of different sizes certainly can affect postoperative PDH, ADH, and SL. After discectomy or ALL release, trials were placed in the disc space for a snug fit, and appropriate cages were selected based on the sizes of the trials. Our practice, however, is to place the largest cage that can be inserted safely. Placement of a cage either anteriorly or posteriorly can affect the imaging outcome, although we followed the published safe zones for placement of these cages. 25 In this study, 62% of the patients underwent surgery at more than 1 level. The biomechanics and configuration of the index levels affected by LLIF of the adjacent segments were not taken into consideration. Furthermore, the anatomy of the posterior column (such as facet joints and spinous processes) that could influence disc height and SL restoration was not studied. Finally, because the goals of the study were to evaluate the restoration disc height and SL, patients with more than 6 months of follow-up were included, which resulted in a cohort with wide variations in follow-up time (6-42 months).
Conclusions
IVP is a common finding in the degenerative spine. The presence of IVP can contribute positively to spinal realignment after LLIF, because its existence potentially provides an improved capacity to create SL and restore disc height. The addition of posterior instrumentation lowers the stress on the interbody cage and reduces the incidence of cage subsidence.
